ABSTRACT In this paper, a novel microstrip feedline-based dual-band frequency reconfigurable multipleinput multiple-output (MIMO) patch-slot antenna design is presented. The antenna has a planar structure and comprises four symmetrically placed rectangular patch antenna elements. A dual-purpose hexagonalshaped defected ground structure (DGS) is introduced into the ground plane for antenna size reduction and isolation enhancement. The overall size of the antenna is compact with total substrate area of 120 × 60 × 1.6 mm 3 and is printed on FR4 substrate. Varactor diodes are integrated within feedline to achieve frequency reconfigurability. The proposed antenna design exhibits a wide continuous dual frequency reconfigurable characteristic from 1.3 to 2.6 GHz with isolation of more than 12 dB for entire band. The proposed design is verified by presenting the simulation and measured results of S-parameters, radiation pattern, efficiency, and envelope correlation coefficient (ECC), and displaying good agreement. ECC of less than 0.2 between the ports is achieved. The compact size and dual-band frequency reconfigurable characteristics make the proposed design potential candidate for wireless handheld devices and other multiband MIMO applications.
I. INTRODUCTION
With the ever-increasing congestion of electromagnetic spectrum, frequency reconfigurable antennas have gained remarkable recognition due to their ability to adjust the operating frequency band based on spectrum availability, and adapt themselves to the requirements of changing environment, thus raising the frequency spectrum usage efficiency. Moreover, frequency reconfigurable antennas have compact size, low cost, simple integration, provides wideband or narrow band operation, allows single-band or multi-band configurations and frequency selectivity capability to reduce the co-site interference and jamming [1] , making them suitable for many future wireless communication applications. Frequency reconfigurability can be achieved by using switches either in radiating elements or in microstrip feedline. The use of reconfigurable feedline is of great importance in frequency reconfigurable antennas and MIMO antennas for getting different radiation characteristics and for achieving diversity. Moreover, reconfigurable feedline allows achieving reconfigurability without including active components on radiating structure of antenna, which reduces cost, losses and eliminates unwanted radiation interference from biasing lines on the mounted antennas [2] . Thus, frequency reconfigurable antennas with reconfigurable feedline are highly desirable for modern communication systems.
Patch antennas are attractive candidates for frequency reconfigurable systems due to their low cost, low profile and planar structure, light weight, fabrication simplicity and their ability to easily integrate with different electronic devices. Various frequency reconfigurable patch antennas with operating frequency band between 1.5 to 3.5 GHz have been reported in [3] - [9] . In these designs, frequency reconfigurability was achieved by integrating pin diodes [3] - [5] , varactor diodes [6] - [8] or microelectromechanical systems (MEMS) switches [9] into the radiating structure. In [3] and [4] , two frequency reconfigurable patch antennas that can switch frequencies between 1.7 and 3.5 GHz were proposed. These designs employed patch element of size 18.3 × 29 mm 2 . In [5] , a pattern and frequency reconfigurable patch antenna that could operate at 2.43 and 3.3 GHz was reported. The size of single patch element was 36 × 30 mm 2 . A u-slot based patch design was presented in [6] . It provides tunable frequency range from 2.6 to 3.35 GHz with patch element size of 57 × 77 mm 2 . In [7] , a dual-band stacked patch antenna with two square patches was employed to achieve frequency tunability from 1.68 to 1.93 GHz and from 2.11 to 2.51 GHz. The size of square patch was 82 × 82 mm 2 . A patchslot dual-band design with operating frequency band from 2.22 to 2.26 GHz and from 3.24 to 4.35 GHz was proposed in [8] . The size of square patch element was 38 × 38 mm 2 . In [9] , a frequency reconfigurable E-shaped patched antenna (FR-ESPA) was presented with frequency tuning range from 2 to 3.2 GHz. The size of patch element was 44.1 × 92.5 mm 2 . Majority of the frequency reconfigurable patch antenna designs cited in literature use single patch antenna element and suffer from narrow bandwidth and large size. Moreover, these designs were not able to achieve frequency reconfigurability in dual-band using reconfigurable feedline and had limited frequency tuning range. Therefore, the focus of this paper was to design a frequency reconfigurable patch antenna with MIMO capability in compact size that is suitable for small wireless devices, such as tablets and smart phones. Furthermore, the proposed antenna employs reconfigurable feedline to achieve frequency reconfigurability in dual-band with wide range tunability.
Multiple-input multiple-output (MIMO) antennas improve the channel capacity and can provide higher data rates at same transmission power. Hence MIMO antennas are best suited for the fourth-generation (4G) cellular communication and cognitive radio systems. To combine the advantages from MIMO and frequency reconfigurable antennas, several frequency reconfigurable MIMO antenna designs have been reported in [10] - [12] . No four-port frequency reconfigurable MIMO antenna design based on patch-slot configuration appeared in literature. In [10] , a two-port frequency reconfigurable MIMO antenna with miniaturized patch elements was presented for frequency range from 2.1 to 2.4 GHz. A two-port reconfigurable MIMO antenna with full metal rimmed design for smartphone applications in LTE/WWAN band was proposed in [11] . In [12] , a four-port reconfigurable MIMO slot design was presented for WLAN applications. None of these designs employed reconfigurable feedline to obtain reconfigurability. To our knowledge, a four-port frequency reconfigurable MIMO antenna design based on patch-slot configuration has never been reported in literature that employed reconfigurable feedline to achieve frequency reconfigurability.
In this paper, a novel four-port frequency reconfigurable MIMO antenna with reconfigurable feedline is proposed. The proposed antenna design is different from previous frequency reconfigurable designs available in literature. Our contributions are as follows:
1. a novel feedline-based frequency reconfigurable patch antenna; 2. a novel four-element frequency reconfigurable patch antenna design working at 1.3-2.6 GHz band; 3. a novel frequency reconfigurable patch design with wide tuning range, namely 1.3 to 2.6 GHz and providing dual-band performance; 4. a compact single patch element having DGS in the ground plane with an area of 22 × 14 mm 2 ; 5. a compact overall design with size of 120 × 60 × 1.6 mm 3 while providing isolation greater than 12 dB. The proposed design consists of four rectangular patch antenna elements with hexagonal-shaped DGS slot in ground plane. The DGS provides compactness to the design as well as improves the isolation between antenna elements. Two slots were inserted in each patch element for bandwidth enhancement. The antenna system provides dual-band frequency reconfigurable characteristics with tunable operating frequency range from 1.3 to 1.8 GHz for the lower band and from 1.8 to 2.6 GHz for the higher band. The antenna was made frequency reconfigurable by tuning varactor diode that was placed in microstrip feedline. The antenna size is compact with dimensions of 120 × 60 mm 2 . Details of the proposed antenna design and its performance are described in the following sections of this paper. B. SINGLE ELEMENT ANTENNA Fig. 2 illustrates the design mechanism of a single antenna element of the four-port antenna. As a starting point, rectangular patch antenna element having dimension of 22 × 14 mm 2 on substrate board size of 22 × 14 mm 2 was chosen for the design as shown in Fig. 2(a) . Proper impedance matching is important to achieve the optimum return loss at desired frequency This rectangular patch antenna element was fed by a 50 microstrip line and impedance matching between patch and transmission line was improved by varying the position of microstrip feedline as shown in Fig. 2(b) . Patch antennas suffer from narrow bandwidth and large size which makes them unsuitable for modern wireless applications. Two slots were inserted in the patch element for bandwidth enhancement as shown in Fig. 2(c) .
A defected ground structure (DGS) is used in antennas' ground plane for size reduction and isolation enhancement between antenna elements [13] . Normal patch antennas as shown in Figs. 2(a) and 2(b) resonate at frequencies around 3.5 GHz. In order to lower down the resonance frequency without increasing the antenna size, a hexagonal-shaped DGS was incorporated in the ground (GND) plane of the antenna structure as shown in Fig. 2(d) . This lower the frequency band of operation to 2.95 GHz. The advantage of using DGS as a miniaturization technique is that antenna geometry remains simple and planar [14] . Further improvement in size reduction was achieved using reactive loading that brought the resonance frequency down to 2.6 GHz.
A simple 50 microstrip feedline, which is consisted of an inductor and varactor diode, is used to achieve frequency reconfigurability as shown in Fig. 2(e) . Varactor diode corresponding to feed 1 is labeled as D. The anode of the varactor diode was soldered to feedline while the cathode was connected with rectangular patch. A dual-band frequency reconfigurable performance with continuous tunability from 1.3 to 1.8 GHz (for the first band) and from 1.8 to 2.6 GHz (for second band) was achieved by tuning the varactor diode reverse bias voltage.
The bias network consisted of a series combination of resistor R 1 and inductor L 1 as shown in Fig. 2(f) . The varactor diode was connected with variable voltage source through R 1 and L 1 . The DC GND is provided through coaxial cable and shared the same GND plane using SMA connector. An inductor L 2 is used to block any DC from the coaxial cable. The values of different lumped elements used were L 1 = L 2 = 1 µH and R 1 = 2.1 K .
III. RESULTS AND DISCUSSION
The proposed four-port frequency reconfigurable MIMO antenna was fabricated as shown in Fig. 3 . A 50 microstrip feedline was used for feeding antenna elements, which was made reconfigurable by employing varactor diode. 
A. S-PARAMETERS
Simulations using ANSYS HFSS were performed for S-parameters. Simulated S 11 results in Fig. 4(a) shows that a dual-band is achieved with continuous frequency tunability from 1.3 to 1.8 GHz (for the lower band) and from 1.8 to 2.6 GHz (for the higher band), with −6 dB bandwidth of 45 MHz and 65 MHz respectively. The simulated operating frequency is obtained in HFSS by changing the capacitance value according to data sheet (35 to 2.5 pF). The dual-band is generated by the slots and DGS incorporation in the patch elements. The slots in the patch elements enhanced the bandwidth while with DGS, dual band was generated. The location of slots and DGS was critical in achieving optimum return loss with wide bandwidth and good isolation. To verify the simulation results, S-parameters were also measured using vector network analyzer. The measured reflection coefficient result in Fig. 4(b) shows that minimum −6 dB bandwidth of 50 MHz in the lower band (from 1.3 to 1.8 GHz) and 70 MHz in the the upper band (from 1.8 to 2.6 GHz) is achieved. The measured operating frequency is achieved by tuning reverse bias voltage of varactor diode from 0 to 5 V. The simulated and measured reflection coefficient results show good agreement. A slight shift in simulated and measured resonant frequency could be attributed to fabrication accuracy, soldering tolerances and parasitic effects in active and passive lumped components. Moreover, varactor diode's actual capacitance range is smaller compared to the datasheet. Fig. 5 shows the mutual coupling results of the proposed four-port frequency reconfigurable MIMO antenna for different ports. The simulated and measured isolation results for other ports are not presented because of same dimensions The minimum values observed for S 13 , S 14 were 15 dB and 20 dB, respectively, in the entire band of operation. The worst-case coupling was 8 dB at 2GHz without DGS structure between antenna 1 and 2, while with DGS it improved to at-least 12 dB. It is observed that mutual coupling for proposed fourport frequency reconfigurable MIMO design was enhanced 4 dB in the entire band of interest. Simulated and measured results show good agreement. The measurement was conducted with only one port excited and rest terminated to 50-loads. The measured co-polarization and cross-polarization radiation patterns for the four antennas at 2GHz are shown in Fig. 7 . These patterns are also compared in x-z and y-z plane. It was observed that the measured antenna gain varies from −1.9 to 2.48 dBi with peak efficiency of 78 %. The maximum gain is 2.48 dBi with efficiency of 72 % at 2.61 GHz and lowest gain is −1.9 dBi with efficiency of 48 % at frequency of 1.74 GHz. To further support the radiation pattern performance of the proposed antenna design, 3-D radiation patterns at 2 GHz from HFSS are shown in Fig. 8 . The setup for antenna radiation pattern measurement is shown in Fig. 9 . Table 1 summarizes the proposed antenna performance characteristics such as simulated and measured bandwidth, gain and efficiency. The small difference between simulated and measured results is due to improper modeling of varactor diode in HFSS, parasitic effects of diode, manufacturing and measuring tolerances. These results suggest that the presented dual-band antenna has good performance over the whole operating band.
B. RADIATION PATTERNS AND EFFICIENCY

C. ECC
An envelope correlation coefficient (ECC) is a measure of how the MIMO channels are correlated and it directly affect the channel capacity which is an important aspect for MIMO. ECC is most commonly calculated using radiation patterns. The ECC (ρ e ) can be calculated using radiation patterns of two antennas as follows [15] :
Where F i (θ, φ) is the radiation pattern associated with i antenna element, with all other ports terminated with source impedance and · denotes the Hermitian product. Table 2 shows the simulated and measured ECC results calculated between different antenna elements using radiation patterns. For a good diversity gain performance of MIMO antenna, ECC should be less than 0.5 [15] . As shown in Table 2 , ECC was calculated for different frequencies for both bands. The worst ECC value was ECC 13 = 0.187 and it occurs at 1.19 GHz. ECC is less than 0.2 across the entire operating band indicating that the proposed four-port frequency reconfigurable MIMO antenna achieves a good diversity performance over the entire tuning range by satisfying the ECC < 0.5 criterion for MIMO antenna.
IV. CONCLUSION
This paper presents a novel dual-band, four-port frequency reconfigurable MIMO antenna which is based on reconfigurable microstrip feedline. It provides wide frequency reconfigurable tuning range from 1.3 to 2.6 GHz with dual-band characteristics. Frequency reconfigurability is achieved in dual-band by varactor diode tuning present in feedline. The antenna structure is composed of four slot-fed rectangular patch elements with hexagonal-shaped DGS in ground plane. The main benefits of proposed antenna structure include compact overall size (120 × 60 mm 2 ), low profile, low cost, planar structure, no radiation interference from biasing lines and easy fabrication. Overall isolation of more than 12 dB is achieved between all ports. The simulated and measured results show that proposed antenna exhibits frequency reconfigurability in dual-band with wide range tunability, provides stable radiation patterns and low ECC values. Therefore, the proposed antenna system is well suited for modern wireless communication systems.
